Abstract. High concentration of fine particles (PM 2.5 ), the primary concern about air quality in China, is believed to closely relate to China's large consumption of coal. In order to quantitatively identify the contributions of coal combustion in different sectors to ambient PM 2.5 , we developed an emission inventory for the year 2013 using up-to-date information on 20 energy consumption and emission controls, and conducted standard and sensitivity simulations using the chemical transport model GEOS-Chem. According to the simulation, coal combustion contributes 22 µg m -3 (40%) to the total PM 2.5 concentration at national level (averaged in 74 major cities), and up to 37 µg m -3 (50%) in Sichuan Basin. Among major coal-burning sectors, industrial coal burning is the dominant contributor with a national average contribution of 10 µg m -3 (17%), followed by coal combustion in power plants and domestic sector. The national average contribution due to coal 25 combustion is estimated to be 18 µg m -3 (46%) in summer and 28 µg m -3 (35%) in winter. While the contribution of domestic coal burning shows an obvious reduction from winter to summer, contributions of coal combustion in power plants and industrial sector remain at relatively constant levels through out the year.
identified source contributions from coal burning in each sector and its seasonal variation. Section 2 discusses the development of emission inventory for the year 2013; section 3 describes the method of simulation, GEOS-Chem model and its evaluation; section 4 discusses the model results; the last section summarizes the conclusions.
Emission inventory
Our previous studies have developed the emission inventory of sulfur dioxide (SO 2 ), nitrogen oxide (NO X ), PM 10 , PM 2.5 , 5 black carbon (BC), organic carbon (OC), non-methane volatile organic compounds (NMVOC), and ammonia (NH 3 ) for China for the year 2010 using a technology-based emission factor method (S. Wang et al., 2014b; Zhao et al., 2013a; Zhao et al., 2013b; Zhao et al., 2013c) . The emissions from each sector in each province were calculated from the activity data (energy consumption, industrial products, solvent use, etc.), technology-based emission factors, and penetrations of control technologies. In this study, we updated the 2010 emission inventory to year 2013 by incorporating the most recent 10 information. The activity data and technology distribution for each sector were updated to 2013 according to the Chinese Statistics (NBS, 2014a; NBS, 2014b; NBS, 2014c ) and a wide variety of technology reports (Fu et al., 2015; S. Wang et al., 2014b; CEC, 2011; ERI, 2010; ERI, 2009; THUBERC, 2009) . The emission factors used in this inventory were described in Zhao et al. (2013b) . The penetrations of removal technologies were updated to 2013 according to governmental bulletins and the evolution of emission standards (MEP, 2014b) . 15 There are some significant updates for NH 3 emissions in this inventory. For agricultural fertilizer application, the emissions of NH 3 in the previous study were based on pre-defined emission factors that lacked temporal or spatial details in previous studies. In this inventory, we use an agricultural fertilizer modeling system that couples the regional air quality model CMAQ and an agro-ecosystem model (the Environmental Policy Integrated Climate model, EPIC) to improve the accuracy of spatial and temporal distribution (Fu et al., 2015) . For livestock, the activity data were calculated by the amount of 20 livestock slaughter per year in previous studies. However, the survival periods for each livestock are different and not only one year, thus the amount of slaughter cannot stand for the amount of livestock accurately. In this study, we use the amount of livestock stocks to calculate NH 3 emissions and improve the accuracy of the results.
In 2013, the anthropogenic emissions of SO 2 , NOx, PM 10 , PM 2.5 , BC, OC, NMVOC and NH 3 in China were estimated to be 23.2 Mt, 25.6 Mt, 16.5 Mt, 12.2 Mt, 1.96 Mt, 3.42 Mt, 23.3 Mt, and 9 .62 Mt, respectively. Table 1 shows emissions by  25 sector and emissions originating from coal combustion, which indicates that in sectors of power plants and domestic fossil fuel combustion, the share of coal-burning emissions are almost over 90%. Coal dominates the emissions in industrial sector as well. In the year of 2013, coal is responsible for 79% of the SO 2 emissions, 54% of the NO X emissions, 40% of the primary PM 10 emissions, and 35% of the primary PM 2.5 emissions, 40% of the BC emissions and 17% of the OC emissions.
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Model and simulation

Simulation method
In this study, we conducted one standard simulation and 4 sensitivity simulations for ground level PM 2.5 using the nested grid capability of GEOS-Chem for East Asia. The simulation scenarios are summarized in Table 2 . In the standard simulation, we use the emissions for the year 2013 that are discussed in Section 2. To select the year of meteorology, we 5 conducted standard simulation using the same emissions and different meteorology from the year 2010 to 2012, as the meteorological fields are not available for the whole year of 2013. We chose the year 2012 as our meteorology year, with which the simulation results best represented the mean PM 2.5 concentration from 2010 to 2012.
In sensitivity scenarios, we respectively removed emissions from coal combustion in different sectors. In sensitivity scenario 1, we removed emissions from coal burning from all energy sectors (scenario for total coal burning, TC). In sensitivity 10 scenarios 2 to 4, we respectively shut down emissions from coal burning in power plants, industries and domestic sectors (TCP, TCI and TCD) . All the meteorology used in the sensitivity simulation was the same as the standard simulation. Three months before each simulation year were used as spin-up. The differences between standard and sensitivity simulations are used to represent the contributions from coal in each sector.
Model description 15
GEOS-Chem is a global chemical transport model that has been widely applied to study PM 2.5 over China (e.g. Brauer et al., 2012 Brauer et al., , 2015 Jiang et al., 2015; Kharol et al., 2013; van Donkelaar et al., 2010 Y. Wang et al., 2013 Xu et al. 2015; . The model is driven by assimilated meteorological data from the United State National Aeronautics and Space Administration (NASA) Goddard Earth Observing System (GEOS), including winds, temperature, clouds, precipitation, and other surface properties. GEOS-Chem (version 9-01-03) includes detailed HO X -NO X -20 VOC-ozone-BrO X tropospheric chemistry originally described by Bey et al. (2001a) with addition of BrO X chemistry by Parrella et al. (2012) . Aerosol simulation is fully coupled with gas-phase chemistry, including sulfate (SO 4 2-), Nitrate (NO 3 -), and ammonium (NH 4 + ) (Park et al., 2004; Pye et al., 2009) , OC and BC (Park et al., 2003) , sea salt (Alexander et al., 2005) , and mineral dust (Fairlie et al., 2007) . The areasol thermodynamic equilibriums use the ISORROPIA II model (Fountoukis and Nenes, 2007) to calculate the partitioning of nitric acid and ammonia between gas and aerosol phases. The formation of 25 secondary organic aerosol (SOA) includes the oxidation of isoprene (Henze and Seinfeld, 2006) , monoterpenes, aromatics (Henze et al., 2008) and other reactive VOCs (Liao et al., 2007) . In addition, we corrected errors in the model representation of too shallow nighttime mixing depth following Walker et al. (2012) and introduced the production mechanism of sulfate on aerosol surface described in Wang et al. (2013) . Aerosols interact with gas-phase chemistry in GEOS-Chem through the effect of aerosol extinction on photolysis rates and heterogeneous chemistry (Jacob, 2000) . 30 In this study, we conducted simulations for ground level PM 2.5 using the nested grid capability of GEOS-Chem for East Asia, which was originally described by Wang et al. (2004) and Chen et al. (2009) . The nested domain for East Asia covers area Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -601, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 9 September 2016 c Author(s) 2016. CC-BY 3.0 License.
spanning from 70°E to 150°E, and from 11°S to 55°N, with a horizontal resolution of 0.5 latitudes by 0.667 longitudes. The boundary fields are provided by the global GEOS-Chem simulation with a resolution of 4 latitudes by 5 longitudes and are updated every 3 hours. We assume that the organic mass/organic carbon ratio is 1.8 and relative humidity is 50% for PM 2.5 in
China.
The global simulations use emissions from the Global Emission Inventory Activity (GEIA) inventory (Benkovitz et al., 5 1996) , which is respectively overwritten by the NEI05, EMEP and INTEX-B inventory (Zhang et al., 2009 ) over the US, Europe, and East Asia. In the nested-grid simulation for East Asia, we use the emissions for the year 2013 as discussed in Section 2 over China, with emissions over the rest of East Asia taken from the INTEX-B emission inventory. In addition, the simulation also includes open fire emissions from GFED3 inventory (Giglio et al., 2010; van der Werf et al., 2010; Mu et al. 2011 ), lightning NO X emissions calculated with algorithm of Prince and Rind (1992) , volcanic SO 2 emissions from 10 AEROCOM data base (http://www-lscedods.cea.fr/aerocom/AEROCOM_HC/) implemented by Fisher et al. (2011) .
Model evaluation
GEOS-Chem model is driven by assimilated meteorological data from the NASA GEOS. Y. has evaluated the important meteorological factors that are relevant to particle formation in the model, including temperature, relative humidity (RH), wind speed and direction, using observation data from National Meteorological Information Center 15 (NMIC) of China. It reported good spatial and temporal correlations with observed temperature, RH and wind direction. The correlation of wind speed, however, was poorer as the model tends to overestimate in low speed conditions.
In this study, we conducted model evaluation using the surface PM 2.5 observation network of China National Environmental Monitoring Center (CNEMC, http://106.37.208.233:20035) . This monitoring program was initiated in January 2013, covering 74 major cities in China. The slight underestimate mainly appears in heavily polluted area in NC region where observations are largely influenced by local emissions but current simulation cannot capture it with a relatively coarse resolution (H. . Fig. 2 shows comparisons between simulated and observed seasonal mean concentrations. PM 2.5 concentration has an obvious seasonal variation with the highest value in winter and the lowest in summer, which is correctly reproduced by the model. 30
The largest bias occurred in winter with the value of -23.3%. The inconsistency of meteorology field also partly account for the underestimate, as the meteorology condition was more unfavorable in Jan. 2013. Y. conducted simulations for Jan. in 2012 and 2013 using same emissions, and found the ground PM 2.5 concentration are 27% higher in Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -601, 2016 Manuscript under review for journal Atmos. Chem. Phys. We also evaluated the monthly variation using averaged monthly mean concentrations in cities in each key region, as analyses and discussions mainly focused on these six areas. The six key regions are shown with frames in Fig. 1a , which includes Northeast China (NEC, 123°E-128°E, 41°N-47°N), North China (NC, 113°E-119°E, 33°N-40°N), Yangtze River 5 Delta (YRD, 119°E-122°E, 29.5°N-32.5°N), Middle Yangtze River (MYR, 111°E-115°E, 27°N-32.5°N), Sichuan Basin (SCB, 103°E-107°E, 28°N-32°N) and Pearl River Delta (PRD, 112°E-114°E, 22°N-24°N). Cities in each region share the similar weather condition, terrain and pollution levels. As shown in Fig. 3 , the model generally well reproduces the monthly variation. The NMB ranges from -45% to 1%, and the correlation coefficient varies between 0.7 and 0.94. The model performance is better in MYR, SCB and PRD than that in NC, NEC and YRD. The large discrepancy is mainly due to the 10 failure to capture the extremely high concentration in wintertime.
The PM 2.5 composition shows a great diversity across China. Sulfate-nitrate-ammonium (SNA), BC, Organic Matter (OM), and crustal material respectively constituted 7.1% to 57%, 1.3% to 12.8%, 17.7% to 53% and 7.1% to 43% in PM 2.5 mass in China, and the fractions of SNA in PM 2.5 (40% -57%) is much higher in East China (Yang et al., 2011) . OM and mineral dust also play significant roles in PM 2.5 concentration. PM 2.5 speciation in China simulated by GEOS-Chem has been 15 evaluated in some previous studies. Wang et al. (2013) reported annual biases of -10%, +31%, and +35% for sulfate, nitrate and ammonia respectively, compared with observations at 22 sites in East Asia. (Zhao et al., 2013c) . Considering the evident change of SO 2 and NO X emissions in China from 2006 to 2013, the underestimate for sulfate should be less than 58% and the overestimate 25 for nitrate is higher that 2%.
4 Source contributions to ambient PM 2.5 concentration
Annual mean source contributions
Fig . 5 shows the spatial distribution of annual mean source contributions from coal burning. As shown in Fig. 5a , the contribution from total coal burning has a similar spatial distribution with the annual mean PM 2.5 concentration, which 30
indicates the large influence of coal burning on air quality. supply. In the northwest city of Urumqi, coal burning is also a large contributor for it accounts for around 40% of the local PM 2.5 concentration as there are no other large anthropogenic sources of air pollutants there.
Among all the subsectors in coal combustion, industrial coal burning is the most significant contributor, followed by coal burning in power plants and domestic sector, which is shown in Fig. 5b -d Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -601, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 9 September 2016 c Author(s) 2016. CC-BY 3.0 License. Fig. 6 shows the simulated seasonal mean PM 2.5 concentration (Fig. 6a and b) and source contributions from coal burning in winter (averaged from December to February) and in summer (averaged from June to August) (Fig. 6c to j) , which is also summarized in Table 4 and 5. As shown in Fig. 6a and b, the ambient PM 2.5 concentration has obviously different distributions in winter and in summer. PM 2.5 in winter has a similar distribution with the annual mean, but with much higher 5 values. The highest value still occurs in SCB with an average of 118.8 µg m -3 due to the large emission, unfavorable terrain and weather condition in winter. Following SCB, the average concentrations in MYR and NC regions are above 100 µg m -3
Seasonal variation of coal contributions
and 90 µg m -3 , respectively. There are also several populated cities in NEC, where PM 2.5 are generally above 75 µg m -3 and up to 150 µg m -3 . PM 2.5 in summer has an obviously different distribution from winter with much lower concentrations and more even distribution through out the country due to the stronger vertical mix, more wet deposition and lower emissions. 10
The largest concentration occurs in NC region with 46.9 µg m -3 on average, followed by SCB with an average of 44.1 µg m concentration.
In summer, the national average contribution from coal burning is estimated to be 17.8 µg m -3 (46.2%), which is less than 2/3 of the contribution in winter, due to the favorable meteorological condition including stronger convection and more frequent wet deposition. Regional contribution ranges from 8.2 µg m -3 in PRD to 26.3 µg m -3 in SCB, which is approximately half of 25 the contributions in winter. The seasonal variation of contributions in inland areas (NEC, MYR, SCB) is more significant than those in coastal areas (NC, YRD, PRD). In coal-burning sectors, the absolute contributions from power plants and industry doesn't show very noticeable reductions in summer compared with those in winter, as emissions from these two sectors are in a relatively constant status throughout the year and the nitrate reduction due to the high temperature in summer is counteracted by the enhancement of the sulfate formation (H. . In contrast, domestic sector contributes 30 1 µg m -3 (2.5%) on the national level in summer, which is 3 to 8 times less than that in winter.
Comparisons with other studies
The with the NRDC study, we extracted the simulated contribution in the 333 main cities during the same periods from our study results. Fig. 7 represents the comparison in each province and shows that our study underestimates the coal contribution by 22% compared to that in the NRDC study. The discrepancy is mainly generated from the different amounts of emissions that are originated from coal in the two studies. According to the report, the NRDC study included both emissions directly from coal burning and emissions from industries closely related to coal burning. For example, air pollutants from industries like 10 coke, steel, cement and non-ferrous metal are generated from ways: directly from coal combustion and from the technological process. As coal is used as fuel in these industries and is not likely to be substituted for in the near future, the NRDC study includes both the two parts as emissions from coal use. In our study, we include only the first part of the emissions as the contribution from coal, which is actually generated from coal burning. According to the report by NRDC, coal combustion is responsible for 79% of the SO 2 emissions, 57% of the NO X emissions and 44% of the primary PM 15 emissions, and the coal-related sources are responsible for 15%, 13% and 23% of the SO 2 , NO X and PM emissions. Despite of the difference definition of coal contribution to air pollutant emissions, the NRDC and our study both predicted high contribution to PM 2.5 concentration from coal, especially in the Municipality of Chongqing and Sichuan province in SCB.
Uncertainty analysis
The uncertainties of the contribution estimates in this study may arise from the uncertainties of the emission inventory, 20 model simulation and non-linearity of the atmospheric chemistry. A Monte Carlo uncertainty analysis was performed on the emission inventory, as described in Zhao et al. (2013c) and S. Wang et al. (2014b) . Table 6 shows the uncertainty analysis of the emissions in China. Among all the coal-consuming sectors analyzed in this study, domestic sector is subject to the highest uncertainty, which may lead to more uncertainty in the PM 2.5 simulation and contribution estimates. Another important cause of uncertainty is the model simulation of the PM 2.5 composition. The coal contribution to sulfate is larger 25 than that to nitrate, as the share of coal-burning emissions of SO 2 is 79% in this study, 25% higher than that of NO X emissions. Therefore, the actual coal-burning contribution to PM 2.5 is very likely to be larger than the estimates in this study, due to the underestimation of sulfate concentration and overestimation of nitrate concentration by the model. In addition, due to the non-linear response of PM 2.5 concentration to precursor emissions, contributions from coal burning in each sector add up to less than the contribution from the total coal burning, which means the probable underestimation of the contribution in 30 subsectors. The impact of non-linearity of the atmospheric chemistry on PM 2.5 concentrations and its composition has been discussed in detail in previous studies (Zhao et al., 2013b; S. Wang et al., 2014a) .
Conclusion
We updated China's emission inventory to the year 2013 using up-to-date information on energy statistics and emission control policies. The anthropogenic emissions of SO 2 , NOx, PM 10 , PM 2.5 , BC, OC, NMVOC and NH 3 in China were estimated to be 23.2 Mt, 25.6 Mt, 16.5 Mt, 12.2 Mt, 1.96 Mt, 3.42 Mt, 23.3 Mt, and 9.62 Mt, respectively. Using the emission inventory, we conducted standard and sensitivity simulations for major coal-burning sectors to quantitatively 5 identify the source contributions from coal burning using the chemical transport model GEOS-Chem. Results show that coal combustion contributes 22.5 µg m -3 (40%) of the total PM 2.5 concentration on national average (74 major city average). The highest contribution occurs in Sichuan Basin, which reached 36.9 µg m -3 and accounts for more than 50% of the local PM 2.5 .
Among the subsectors of coal combustion, industrial coal burning is the dominant contributor, with the largest contribution of 19 µg m -3 (26%) in Sichuan Basin and the second largest of 14 µg m -3 (20%) in Middle Yangtze River area, which 10
indicates that coal combustion in industry should be prioritized when energy policies and end-of-pipe control strategies are applied, especially in middle-west regions in China, from the perspective of the whole country. Coal combustion in power plants shows the largest contribution in North China with an average of 7.7 µg m -3 (12%). Domestic coal burning has the largest contribution in some regions in Guizhou province in Southwest China and Inner Mongolia in North China, where combustion of raw coal should be substantially reduced especially in winter. An obvious seasonal variation is also predicted. 15
The absolute contributions due to coal combustion are estimated to be 28 µg m -3 (35%) in winter and 18 µg m -3 (46%) in summer on the national level. The seasonal differences are mainly due to the dramatic change of domestic emissions and more favorable meteorological conditions including stronger convection and wet deposition in summer. While contribution from domestic coal shows a significant reduction from winter to summer, the absolute contributions from coal burning in power plants and industry remain at relatively steady levels throughout the year. 20
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